Actinin-associated LIM protein (ALP) and Enigma are two subfamilies of Postsynaptic density 95, discs large and zonula occludens-1 (PDZ) -Lin-11, Isl1 and Mec-3 (LIM) domain containing proteins. ALP family members have one PDZ and one LIM domain, whereas Enigma proteins contain one PDZ and three LIM domains. Four ALP and three Enigma proteins have been identified in mammals, each having multiple splice variants and unique expression patterns. Functionally, these proteins bind through their PDZ domains to aactinin and bind through their LIM domains or other internal protein interaction domains to other proteins, including signaling molecules. ALP and Enigma proteins have been implicated in cardiac and skeletal muscle structure, function and disease, neuronal function, bipolar disorder, tumor growth, platelet and epithelial cell motility and bone formation. This review will focus on recent advances in the biological roles of ALP/Enigma PDZ-LIM domain proteins in cardiac muscle and provide insights into mechanisms by which mutations in these proteins are related to human cardiac disease.
Introduction
Postsynaptic density 95, discs large and zonula occludens-1 (PDZ) and domains, two common motifs that mediate protein-protein interactions, have been found to be of fundamental importance for multiple biological processes. The PDZ domain is a protein interaction motif consisting of 80-100 amino acid residues with a highly conserved four residue GLGF sequence within the domain (Ponting and Phillips, 1995) . PDZ domains are often found to bind to short peptide motifs at the C-terminus of partner proteins, although recent data suggest other internal PDZ binding motifs (Jemth and Gianni, 2007) . PDZ domain containing proteins are involved in a wide range of cellular processes, including maintenance of epithelial cell polarity and morphology, the organization of postsynaptic density and the regulation of membrane protein activity and trafficking (Harris and Lim, 2001; Long et al., 2003; Jani and Schock, 2007; Maday et al., 2008) .
The LIM domain is a conserved zinc finger motif with the cysteine-rich consensus sequence CX 2 CX 16 -23 HX 2 CX 2 CX 2 CX 16 -21 CX 2 (C/H/D) (Gill, 1995) . LIM domains have been identified in a variety of proteins. Despite data regarding the well-defined interaction of LIM-domain containing proteins and partner proteins, no consensus motifs for LIM domain binding have been identified as yet. Diverse biological roles of LIM domain containing proteins include regulation of actin structure and dynamics, neuronal path finding, integrin-dependent adhesion and signaling, cell-fate determination and tissue-specific gene expression (Kadrmas and Beckerle, 2004; Jani and Schock, 2007; Schaffar et al., 2008) .
Since identification of the first PDZ-LIM domain protein, Enigma (Wu and Gill, 1994) , 10 PDZ-LIM domain proteins have been identified in mammals. On the basis of similarities in protein structure, PDZ-LIM proteins have been divided into four subfamilies: Actinin-associated LIM protein (ALP) [ALP, CLP36, and Mystique], Enigma [Enigma, Enigma homologue protein (ENH) and Cypher/ZASP], LIM kinases (LMK1 and LMK2) and LMO7 (te . Genes of the PDZ-LIM domain family have been reviewed recently (te . In the current review, we will focus on structure and function of the ALP and Enigma subfamily proteins and their involvement in cardiac development, function and disease.
ALP subfamily proteins
Four proteins: ALP (PDLIM3), CLP36 (CLIM1, Elfin, PDLIM1), RIL (PDLIM4) and Mystique (SLIM, PDLIM2) have been classified into the ALP subfamily. Each member of the subfamily contains an N-terminal PDZ domain and a C-terminal LIM domain. a-Actinin-associated LIM protein (ALP) was first identified as a CLP36 (36 kDa C-terminal LIM domain protein) protein was first cloned from rat hepatocytes and contains a conserved C-terminal LIM domain. CLP36 shares 45.1% amino acid identity with RIL (Wang et al., 1995) . Studies with the human ortholog of rat CLP36, hCLIM1 (Kotaka et al., 1999) and the mouse ortholog of rat CLP36, Elfin (Kotaka et al., 2001) , revealed that CLP36/ hCLIM1/Elfin also contain a PDZ domain at their N-termini. Further, studies revealed that CLP36 co-localizes with a-actinin-2 at the Z-lines in myocardium (Kotaka et al., 1999 (Kotaka et al., , 2000 . In addition, CLP36 binds to a-actinin-1 and associates with F-actin filaments and stress fibers in human activated platelets and endothelial cells (Bauer et al., 2000) . These data are consistent with previous findings in mouse epithelial cells, in which CLP36 was found to localize to actin stress fibers. This subcellular localization is dependent upon the CLP36 PDZ domain and its association with the nonmuscle forms of a-actinin, a-actinin-1 and a-actinin-4 (Vallenius et al., 2000) . These data suggest that CLP36 might be involved in not only the maintenance of sarcomeres in muscle cells, but also in actin stress fiber-mediated cellular processes, such as cell shape, migration, polarity and cytokinesis in non-muscle cells.
RIL protein, identified initially in rat fibroblasts (Kiess et al., 1995) and later in human lymphocytes (Szpirer et al., 1996; Bashirova et al., 1998) , is the smallest protein in the ALP subfamily and is highly conserved in a wide range of species. RIL interacts with a-actinin (Torrado et al., 2004; Vallenius et al., 2004) via its PDZ domain and with PTP-BL, a submembranous protein tyrosine phosphatase, via its C-terminus (van den Berk et al., 2004) . Moreover, RIL interacts with the AMPA glutamate receptor in dendritic spines through the C-terminal LIM domain (Schulz et al., 2004) .
Mystique is the most recently identified member of the ALP protein family (Torrado et al., 2004; Loughran et al., 2005) . Mystique also interacts with a-actinin (Torrado et al., 2004; Vallenius et al., 2004) . The LIM domain of Mystique is necessary for the suppression of anchorage-independent growth (Loughran et al., 2005) . Moreover, Mystique functions as an ubiquitin E3 ligase acting on STAT proteins to cause their proteosomemediated degradation (Tanaka et al., 2005) .
Alignment analysis of the ALP family of proteins revealed a novel ALP subfamily-specific 34-amino-acid motif termed ALP-like motif (AM), which contains a putative consensus protein kinase C (PKC) phosphorylation site and two a-helices (Te . These data further support the notion that ALP family proteins may serve as signaling molecules and may be regulated by PKC-dependent signaling.
Enigma subfamily proteins
The Enigma subfamily is comprised of three members: Enigma, ENH and Cypher (mouse)/ZASP (human). These subfamily members contain a single PDZ domain at the N-terminus and three LIM domains at the C-terminus. Enigma was initially characterized in humans as a novel 457-amino-acid protein containing three LIM domains at the C-terminus, with one of the LIM domains interacting with the insulin receptor (Wu and Gill, 1994) . The LIM domains of Enigma bind to the receptor tyrosine kinase Ret and the adaptor protein APS, and thus are implicated in signal transduction processes such as mitogenic activity, insulin related actin organization and glucose metabolism (Durick et al., 1998; Borrello et al., 2002; Barres et al., 2005 Barres et al., , 2006 .
ENH protein, the second Enigma subfamily member, was identified in rat brain (Kuroda et al., 1996) . Enigma's three C-terminal LIM domains interact with PKC both in vivo and in vitro (Kuroda et al., 1996) . A 596-amino-acid human ortholog of rat ENH protein was identified (Ueki et al., 1999) . ENH interacts with a-actinin at the Z-line via its PDZ domain (Ueki et al., 1999; Nakagawa et al., 2000; Niederlander et al., 2004) .
Cypher was cloned and identified from mice as a striated muscle restricted PDZ/LIM domain protein which colocalizes with a-actinin-2 at the Z-line (Zhou et al., 1999) . The human ortholog of Cypher, ZASP was independently identified in heart and skeletal muscle (Faulkner et al., 1999) . A third group isolated Cypher from mice and named the protein Oracle (Passier et al., 2000) .
Alignment and experimental analysis of the ALP/ZASP family of proteins revealed a ZASP-like motif (ZM motif) in Cypher/ZASP, ALP and CLP36 (Klaavuniemi et al., 2004; Klaavuniemi and Ylanne, 2006; . The ZM motif interacts with the spectrin repeats of a-actinin (Klaavuniemi et al., 2004; Klaavuniemi and Ylanne, 2006) .
The ALP/Enigma subfamily proteins contain one PDZ domain and one or three LIM domains. Structural analysis of the PDZ domain of ALP/Enigma proteins demonstrated that it is a classical class I PDZ domain as previously suggested by its interaction with the C-terminal region of a-actinin-2 (Au et al., 2004) . Recently, it has been shown that the PDZ domain of ALP/Enigma proteins also interacts with Myotilin and Calsarcin/FATZ C-terminal motifs, which have the characteristics of class III PDZ-binding domain sequences (von Nandelstadh et al., 2009a; Zheng et al., 2009) . LIM domain(s) of ALP/Enigma subfamily proteins interact with different domains in various proteins, particularly in signaling factors. This common structural feature supports the notion that ALP/Enigma proteins serve as adaptor proteins, where the PDZ domain tethers the protein to the cytoskeleton and the LIM domain or additional internal domains, recruit signaling proteins to implement corresponding functions.
Intriguingly, Caenorhabditis elegans has a single gene orthologous to alp/enigma, termed alp-1, which encodes ALP and Enigma-like molecules (McKeown et al., 2006; Lecroisey et al., 2007) (Figure 1A) . Similarly, Drosophila melanogaster has a single ortholog of alp/enigma (dzasp) which gives rise to ALP and Enigma-like molecules (Machuca-Tzili et al., 2006; Jani and Schock, 2007) . Database analysis of Flybase (http://flybase. org) reveals six transcript isoforms for this factor ( Figure 1B) . However, recent expression studies of larval development have characterized 10 transcripts and an additional six, previously unidentified, exons (Benna et al., 2009) .
Splice isoforms in ALP and Enigma families
Several studies have examined alternative splice isoforms and their functions in ALP and Enigma sub-families. Each member of the ALP-subfamily varies in the number of splice isoforms. Studies of ALP in mammals and chicken have isolated two isoforms detected in heart and smooth muscle cells with the molecular weight of 36 and 40 kDa, respectively, which result from alternative splicing (Pomies et al., 1999; Andersen et al., 2004; Klaavuniemi et al., 2004) . Both of these transcripts contain the PDZ and LIM domain ( Figure 1C) .
RIL has two splice isoforms in human fetal brain (Bashirova et al., 1998) . These two transcripts include one major transcript that contains seven exons. The minor transcript lacks the sixth exon and consequently its encoded protein lacks the LIM domain ( Figure 1C) .
Three alternative splice isoforms have been identified for Mystique in humans (Loughran et al., 2005) . The largest of these three, Mystique1, contains a LIM domain at the C-terminus. Mystique2, although smaller, also contains the LIM domain. Mystique3, the smallest of the three isoforms, lacks the C-terminal LIM domain. Only one murine transcript has been identified for Mystique which encodes a protein sharing 77% homology with human Mystique2 (Loughran et al., 2005 ; Figure 1C ).
In contrast to ALP, RIL and Mystique, only a single transcript of human and mouse CLP36 has been identified to date (Kotaka et al., 2000 (Kotaka et al., , 2001 ; Figure 1C) .
Similar to the ALP subfamily, Enigma subfamily members have multiple splice variants. Early studies in rat led to the isolation of an Enigma transcript that was shown to be involved in bone formation (Boden et al., 1998) . Analysis of mouse Enigma gene also revealed a single transcript (Pola et al., 2004) . In contrast to these rodent species, three Enigma splice variants have been identified in humans. The hEnigma variant one encodes a 457-amino-acid protein containing one PDZ domain and three LIM domains. Similarly, the hEnigma variant two encodes a 423-amino-acid protein that contains one PDZ domain and three LIM domains. However, the third splice variant hEnigma variant three encodes a 222-amino-acid protein that contains a single PDZ domain, but lacks any LIM domain (Pola et al., 2004 ; Figure 1D ).
For ENH, one isoform and three splice isoforms have been identified from rat and mouse, respectively (Nakagawa et al., 2000; Moser and White, 2006) . Mouse ENH isoform 1 (mENH-1) encodes a full-length 591-amino-acid protein containing one PDZ and three LIM domains. Two smaller transcripts were termed mouse isoforms 2 and 3 (mENH-2 and mENH-3). mENH-2 and mENH-3 encode proteins of 337-amino-acid and 239-amino-acid, respectively, both lacking the three LIM domains. Analysis of human ENH transcripts revealed three transcripts (hENH-1, -2, -3) similar to those in mouse, and a fourth transcript hENH-4, encoding a protein of 214-amino-acid lacking the three LIM domains (Niederlander et al., 2004 ; Fig. 1D) .
In mouse, six splice variants of Cypher have been characterized, which fall into two classes, one specific to cardiac and the other predominant in skeletal muscle (Huang et al., 2003) . These isoforms include short (Cypher2c, 2s) and long (Cypher1c, 1s, 3c, 3s) subtypes within both cardiac and skeletal muscle. The mouse cypher gene contains 17 exons. Cardiac-specific isoforms contain amino acids encoded by exon 4 and skeletal muscle predominant isoforms contain amino acids encoded by exons 5-7. Exon 10 is the last exon of both Cypher2 isoforms and exon 12 is differentially spliced to generate Cypher1 (included) or Cypher3 (excluded) isoforms. An N-terminal PDZ domain is common in both short and long isoforms, whereas three LIM domains are unique to long isoforms (Fig. 1D) . Four human splice variants of Cypher/ZASP have been identified, with one long and one short isoforms specific to cardiac or predominant in skeletal muscle (Faulkner et al., 1999; Vatta et al., 2003 ; also see NCBI database).
Functional roles of ALP subfamily proteins in heart
ALP subfamily proteins are found in heart. ALP is expressed at highest levels in skeletal and cardiac muscle (Xia et al., 1997) . Ablation of ALP in mice leads to a form of selective right ventricle (RV) cardiomyopathy without showing obvious alterations in skeletal muscle (Jo et al., 2001; Pashmforoush et al., 2001) . Moreover, ALP-deficiency leads to a decrease in trabeculation, irreversible chamber dilation and dysmorphogenesis of the embryonic RV, suggesting that ALP plays an essential role in the development of RV chamber (Pashmforoush et al., 2001) . In vitro studies with intact myocardium reveal co-localization of ALP with both a-actinin and b-catenin at the intercalated disc (Pashmforoush et al., 2001) . Furthermore, these studies found that ALP enhances the ability of a-actinin to crosslink actin filaments, thus suggesting ALP might serve as a genetic modifier of the response of embryonic ventricular muscle to biomechanical stress that accompanies exposure to normal workload in utero (Pashmforoush et al., 2001) . ALP-deficient mice also exhibit altered regional RV function and abrogate hypertrophic remodeling in response to hypoxic stress (Lorenzen-Schmidt et al., 2005) .
CLP36 is highly expressed in heart and is present in many other tissues including lung, liver, spleen and blood. CLP36 has been implicated in many processes including hypoxia and regulation of actin stress fibers (Wang et al., 1995; Kotaka et al., 1999; Bauer et al., 2000; Vallenius and Makela, 2002) . In situ hybridization in mouse embryos reveals that CLP36 is expressed early in heart development and is present throughout the developing organ (Kotaka et al., 2000) . However, the function of CLP36 in heart remains to be determined.
The other two ALP subfamily members, RIL and Mystique are expressed in a wide variety of tissues. RIL plays a role in tumor cell growth and neuronal signaling (Schulz et al., 2004; Iida et al., 2009) , whereas Mystique may function in epithelial cell migration (Loughran et al., 2005) . To date, there has been no evidence defining the function of these two ALP subfamily proteins in heart.
Functional roles of Enigma subfamily proteins in heart
The role of Cypher/ZASP in heart has been investigated in a diverse set of species, including human, mouse, zebrafish and fly (Faulkner et al., 1999; Zhou et al., 1999 Zhou et al., , 2001 Huang et al., 2003; Vatta et al., 2003; van der Meer et al., 2006; Jani and Schock, 2007; Arimura et al., 2009; Zheng et al., 2009; von Nandelstadh et al., 2009b) . Ablation of Cypher in mice causes perinatal lethality within 1 week, accompanied by striated muscle failure and congenital cardiomyopathy (Zhou et al., 2001) . Given the relatively normal sarcomerogenesis in noncontracting embryonic diaphragm muscle in Cypher-deficient mice, it was concluded that Cypher is required for maintenance of Z-line structure during muscle contraction, but not required for Z-line assembly. Deletion of Cypher in the postnatal heart causes severe dilated cardiomyopathy and premature death within 5 months, with gradually disrupted Z-lines, further supporting the hypothesis that Cypher is required for maintenance of Z-line structure (Zheng et al., 2009) .
Targeted gene knock-down of zebrafish cypher using antisense morpholinos leads to deformation of somites, dilation of the pericardium and thinning of the cardiac ventricular wall (van der Meer et al., 2006) . Deletion of dCypher/ZASP in Drosophila results in a lack of striations and Z-lines in larvae, suggesting that dCypher/ ZASP is necessary for Z-line assembly and filament organization (Jani and Schock, 2007; Benna et al., 2009) . However, dCypher/ ZASP is the only ALP/Enigma family protein in Drosophila, in contrast to the multiple ALP/Enigma family proteins in mammalian species. Therefore, it is possible that the multiple ALP/Enigma family members in mammals may have redundant roles.
In heart, Cypher/ZASP plays a structural role, primarily mediated through its interaction with cytoskeletal Z-line proteins (Sheikh et al., 2007) . In addition, there is increasing evidence that Cypher/ZASP also performs signaling functions. Studies in both human and mouse reveal that Cypher/ZASP interacts with and directs PKC to the Z-line, where PKC phosphorylates downstream targets, including Cypher. Mutations in Cypher alter its affinity for PKC (Zhou et al., 1999; Arimura et al., 2004) . These data suggest that PKC via its association with Cypher is involved in cardiac function. Cypher also interacts with Calsarcin/FATZ/Myozenin, a Z-line associated protein (Frey and Olson, 2002) , although specific domains essential for this interaction were not identified. We recently reported that Cypher interacts with the C-termini of Calsarcin-1 and Myotilin, another Z-line associated protein, through its PDZ domain (Zheng et al., 2009) . In an independent study, von Nandelstadh et al. (2009a) also demonstrated that PDZ domains of Cypher/ZASP, ALP, CLP-36 and RIL interact with C-termini of Myotilin and Calsarcin. However, the functional role of these interactions in heart needs further investigation.
In contrast to the predominant expression and function of Cypher in striated muscle, Enigma and ENH are expressed in multiple tissues, such as skeletal muscle, heart, bone and brain (Ueki et al., 1999; Niederlander et al., 2004) . Enigma is involved in distinct functions including bone metabolism (Liu et al., 2002) . In addition, Enigma is found at the Z-line and I-band in skeletal muscle (Guy et al., 1999) . Currently, a functional role for Enigma in skeletal muscle and heart has not been determined.
Positive associations have been made between ENH variants and schizophrenic patients (Kato, 2007) . It has been reported that ENH interacts with PKC epsilon and CaV2.2, forming a PKC epsilon-ENH-Ca 2þ channel macromolecular complex that specifically modulates N-type Ca 2þ channels (Maeno-Hikichi et al., 2003; Chen et al., 2006) . However, Stanley and coworkers recently observed that ENH did not co-immunoprecipitate with CaV2.2 in rat brain lysates, calling these initial data into question (Gardezi et al., 2009) . It has also been shown that ENH1 interacts with protein kinase D1 (PKD1) via its LIM domains and forms a complex with PKD1 and the alpha1C subunit of cardiac L-type voltage-gated calcium channel in rat neonatal cardiomyocytes (Maturana et al., 2008) . The authors also reported that silencing of ENH1 with RNAi in rat neonatal cardiomyocytes prevented the binding of PKD1 to alpha1C and inhibited the alpha-adrenergic-induced increase of L-type calcium currents (Maturana et al., 2008) .
Human cardiomyopathy resulting from mutations in ALP/Enigma proteins
Mutations in genes for cytoskeletal proteins localized at Z-lines in cardiac and skeletal muscle have been linked to the development of cardiomyopathy and skeletal myopathy (Frank et al., 2006; Selcen and Carpen, 2008) . All ALP/Enigma PDZ -LIM domain proteins have been observed to interact with a-actinin via their PDZ domain, thereby serving as components of sarcomeric complexes at the Z-line. Indeed, deficiencies of ALP and Cypher have been linked to cardiac dysfunction in animal models as described above. However, only mutations in Cypher/ZASP have been shown to cause different forms of cardiac myopathy such as hypertrophic and dilated cardiomyopathy, left ventricular noncompaction (Vatta et al., 2003; Arimura et al., 2004; Xing et al., 2006; Sheikh et al., 2007) and skeletal muscle myopathy in humans (Selcen and Engel, 2005) .
In human studies, many identified Cypher/ZASP mutations localize to the internal region, named ZASP/Cypher-like motif (Vatta et al., 2003; Klaavuniemi and Ylanne, 2006) . Although evidence shows that the internal ZASP/Cypher-like motif also interacts with the spectrin repeats of a-actinin in cardiac muscle, no alterations in localization or stability of a-actinin have been found in cardiac cells with Cypher/ZASP mutations (Zhou et al., 2001; Klaavuniemi and Ylanne, 2006) . Thus, the molecular mechanism by which mutations in Cypher result in cardiomyopathy and skeletal myopathy remains to be determined. However, the D626N mutation in the third LIM domain has been found to change the affinity of Cypher/ZASP with PKC, suggesting that the signaling function of Cypher/ZASP may also contribute to the cardiomyopathy phenotype (Arimura et al., 2004) .
It has been reported recently that Phosphoglucomutase 1 (PGM1), a metabolic enzyme involved in glycolysis and gluconeogenesis, interacts with Cypher/ZASP at domains encoded by exons 4 and 10 of the Cypher/ZASP gene (Arimura et al., 2009) . These studies also showed that two Cypher/ZASP mutations in exon 4 (S189L and T206I) and one mutation in exon 10 (I345M) have reduced binding to PGM1. In addition, binding of endogenous PGM1 and Cypher/ZASP is found to be enhanced by stress in cultured rat neonatal cardiomyocytes (Arimura et al., 2009) . These data suggest that Cypher/ZASP may anchor PGM1 to the Z-disc under stress conditions and that impaired binding of PGM1 to Cypher/ZASP may contribute to the pathogenesis of cardiomyopathy in patients with relevant Cypher/ZASP mutations.
Concluding remarks
ALP/Enigma subfamily proteins are defined by an N-terminal PDZ domain and one or three C-terminal LIM domains. ALP/Enigma subfamily proteins interact with a-actinin via their PDZ domains to regulate or organize cytoskeletal structure. ALP/Enigma members also bind to multiple signaling proteins, including protein kinases and protein phosphatases, through their LIM domains or other domains to mediate distinct biological functions.
Although all ALP/Enigma proteins are expressed in the heart, specific cardiac functions have been found only for ALP, ENH and Cypher/ZASP. In addition, with the exception of CLP36, each ALP/Enigma family protein has different splice isoforms. It will be important to investigate the potential role of these proteins and their splice isoforms in cardiac development, function and disease and to determine whether different members have overlapping/redundant roles in this context. Ablation of ALP or Cypher/ZASP in mice results in abnormal cardiac function. Furthermore, mutations of Cypher/ZASP have been linked with different forms of cardiomyopathy and skeletal myopathy (Sheikh et al., 2007) . Molecular mechanisms by which Cypher/ ZASP mutations lead to cardiomyopathy have not yet been fully elucidated. Studies with genetic animal models and other approaches may provide clues and help to develop therapeutic strategies for these diseases.
